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Abstract 
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produce reference samples for inspection and quality control purposes. This paper reports defect 
detectability studies with cylindrical additively manufactured cobalt-chromium alloy specimens which 
contain defects of known sizes and distributions. The specimens were characterized using immersion, 
synthetic aperture focusing (SAFT), phased array, and nonlinear ultrasonic techniques. Results include 
detectability, signal to noise ratios, and comparison of results between the methods and what is believed 
to be the first determination of a non-linearity (beta) parameter for an additively manufactured material. 
The results indicate that additive manufacturing provides a valuable method to produce reference 
samples, though additional work is required to validate the shape and morphology of the defects 
specified. 
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Abstract. Additive manufacturing provides a unique opportunity to embed defects of known size and shape to produce 
reference samples for inspection and quality control purposes. This paper reports defect detectability studies with
cylindrical additively manufactured cobalt-chromium alloy specimens which contain defects of known sizes and 
distributions. The specimens were characterized using immersion, synthetic aperture focusing (SAFT), phased array, and 
nonlinear ultrasonic techniques. Results include detectability, signal to noise ratios, and comparison of results between the 
methods and what is believed to be the first determination of a non-linearity (beta) parameter for an additively manufactured 
material. The results indicate that additive manufacturing provides a valuable method to produce reference samples, though 
additional work is required to validate the shape and morphology of the defects specified.
INTRODUCTION
Additive manufacturing (AM) is defined as the process of joining materials to make objects from 3D model data, 
usually layer upon layer, as opposed to subtractive manufacturing. There are a number of processes that can be used 
to form a material in an incremental manner. The first method for such 3D forming was reported in 1987 and used 
polymeric stereolithography. Since then, the methods have become more diverse to include processing of composite, 
metallic, and ceramic materials. Metallic material processing has become particularly attractive and is projected to
continue with double digit growth rates expected in coming years. The methods allow for production of complex 
geometries unattainable by conventional subtractive methods. This new approach to manufacturing gives significant 
opportunities for new design concepts to be developed, however it introduces significant difficulties in terms of 
application of quality control, in-process monitoring and finished component inspection [1].
Powder bed based AM methods allow for the inclusion of purposefully placed “defects” of known type, size and 
shape. These items become a valuable tool for assessing performance and developing inspection methods and 
procedures.  There are inherent challenges associated with AM due to the diversity of processes and the number of 
different manufacturers providing units and this makes standardization of products difficult [2,3]. Within the AM 
community several working groups for standardization of AM processes have been established to provide a framework 
that is flexible enough to include as many emerging processes as possible while still providing a useful guide to enable 
effective quality control and process validation. 
The work performed in this study seeks to demonstrate the utility of standardized types of samples for use to 
investigate and optimize ultrasonic inspection routines and methods. Placement of the defects in the samples used in 
this work was relatively arbitrary, however one could envision an application specific implementation with placement 
of defects in locations of concern, such as Region of Interests (ROIs) susceptible to excessive stresses in a production 
part and then use of these reference standards for optimizing inspection for critical cases.
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EXPERIMENTAL METHODS AND RESULTS
The sample set utilized for this work consisted of 29 specimens fabricated using a cobalt-chromium alloy. They 
contained purposefully placed pores within the volume and others located at or near specimen surfaces. Specimens 
were 1.5” in diameter cylinders with as-manufactured vertical (rounded) surfaces and machine cut flat faces (Fig. 1).
All the 29 specimens were examined from both (top and bottom) machine cut surfaces. The labeling scheme for each 
of the specimens is as follows:
Alloy_ID_Dd_DV_DH_N
Where:=     
ID  =    =        =    =    =    .
The samples were classified as:
(PO) contain pores
(GO) no defects
(SUR) defects which broke the surface.
Depths from the top surface ( ) ranged from 0.4” to 1.2” and horizontal distances ( ) varied from 0.4” to 1.5”, with 
1.5” corresponding to a defect on the surface of the part. The origin for this sample is as shown in Fig. 1a).
Several methods were investigated for examination of the CoCr cylindrical AM samples with artificial defects 
(reference standards). The ultrasonic testing included classical immersion, synthetic aperture focusing technique, 
phased array and nonlinear methods. Classical immersion was performed on all specimens. Advanced techniques were 
performed on a subset of the samples with defects located further from the inspection surface. Beam spread and 
attenuation in this subset severely limit the resolution ability of focused immersion ultrasonic testing when the defect 
lies outside the focal zone. 
Immersion Ultrasound
This technique is perhaps the most familiar, and consists of inspecting with a focused immersion transducer in 
water, gating the resulting signal between the front and back walls, and recording a C-scan image and corresponding 
waveforms (where high amplitude indications were encountered). The results were then compiled in tabular format in 
a) b) c)
FIGURE 1. Cylindrical cobalt chromium alloy samples used for the study showing a) origin at center of 
labeling, b) diameter, and c) height with ruler for scale.
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a hit/miss or detected/not-detected manner. The immersion transducer had a 10 MHz center frequency and a focal 
length of 4” (101.6 mm). The focus was placed at 0.4” (10.2 mm) in the material.
A C-Scan image analysis program was written to identify the region of interest (ROI) chosen by the user and limit 
application of thresholding and defect identification to this ROI. A threshold is applied to image data and a ‘hit’ is 
identified as an indication exceeding a level of three times the RMS grain noise level in the anticipated spatial position 
of a purposefully place defect. Defects are identified as a continuous arrangement of neighboring pixels above the 
threshold. An example of data from the program is shown in Fig. 2.  A summary of hit/miss indications are tabulated 
in Tables 1 to 4.
TABLE 1. Immersion ultrasonic results for .007” (0.178mm) pores in CoCr AM cylindrical samples.
DV, in  
0 0.400 0.800 1.200 1.500  
0 O - - - -  KEY 
DH, in 0.400 - X - O -  X : Found 
 0.800 - - O - -  O : Missed 
 1.200 - O - O O  
FIGURE 2. C-Scan image of a cobalt-chromium sample showing a clear indication from a 
purposefully placed defect.
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TABLE 2. Immersion ultrasonic results for .015” (0.381mm) pores in CoCr AM cylindrical samples.
DV, in  
0 0.400 0.800 1.200 1.500  
0 O - - - -  KEY 
    DH, in 0.400 - X - X -  X : Found 
 0.800 - - O - -  O : Missed 
 1.200 - X - O O  
TABLE 3. Immersion ultrasonic results for .030” (0.762mm) pores in CoCr AM cylindrical samples.
DV, in  
0 0.400 0.800 1.200 1.500  
0 O - - - -  KEY 
DH, in 0.400 - X - X -  X : Found 
 0.800 - - X - -  O : Missed 
 1.200 - X - X O  
TABLE 4. Immersion ultrasonic results for .04” (1.016mm) pores in CoCr AM cylindrical samples.
DV, in  
0 0.400 0.800 1.200 1.500  
0 O - - - -  KEY 
DH, in 0.400 - X - X -  X : Found 
 0.800 - - X - -  O : Missed 
 1.200 - X - X O  
It should be noted that several samples exhibited more than one indication which indicated that there are possibly 
natural defects within the sample that were not designed.  This basic scanning and image processing also found that 
some defects were not detected with the experimental implementation employed. Those not detected corresponded to 
the smaller of the sizes (only one detected for .007” (0.178 mm) and three for 0.015” (0.381 mm)). Others missed at 
larger sizes were confined to those features located near the surfaces of the part which were not inspected in this study. 
These would need to be investigated with a modality amenable to near surface defects, such as shear wave or Rayleigh 
wave inspection.
Synthetic Aperture Focusing Technique (SAFT)
Synthetic aperture focusing was performed to improve spatial resolution and signal to noise ratios for a subset of 
defects located far from the free surface. These SAFT measurements were performed to verify the placement and 
existence of pores deeper within the volume of the specimens at locations where fixed focal length immersion testing 
may be insensitive due to the effects of beam divergence.
The SAFT measurements utilized in this work closely follows the approach reported by Howard and Chiao [4]. 
The inspection was performed by placing the focal spot in water for a 4 inch focal length 10 MHz ultrasonic immersion 
transducer on the surface of the sample. Waveforms were recorded across the face of the sample and are spaced at the 
approximate wavelength of the center frequency of the transducer in water. A region of interest (ROI) is defined and 
the SAFT processing is limited to this region (see Fig. 3 for an illustration of the “effective aperture” after excluding 
regions outside the ROI).
140006-4
SAFT utilizes the physics of wave propagation and ray tracing to delay and sum (or average) points centered on a 
synthetic aperture to enhance image resolution and signal to noise (SNR). The choice of aperture size can have a 
significant impact on the resolution of the resulting image. Larger apertures have diminishing returns in terms of SNR 
gain and resolution at the expense of post-processing time attributed to the drop in intensity off the axis of the central 
ray. Nonetheless, real (or near real) time processing is achievable with appropriate hardware. For this work, the 
aperture was chosen to vary with depth around the reconstruction point and was defined to be the approximately -3dB 
drop in amplitude as determined by a single order Gaussian beam model in the solid.
A measured wave speed was used to calculate the ray path distances and provide an equivalent time-of-flight 
(TOF) shift to perform the delay and sum. The results were apodized with a Hann window centered over the 
reconstruction point before summing to minimize added noise arising from equal weighting far from the central ray 
of the transducer. The beam spread can be quite wide at larger depths below the surface. Apertures were limited to be 
no larger than the diameter of the focusing lens attached to the transducer at large depths within the sample so as to 
reduce processing time by recognizing the minimal scattering contributions and insensitivity of the transducer at these 
aperture sizes. The ROI was chosen to be just inside the diameter of the test piece and data outside the ROI was also 
ignored to limit edge effects.  No ‘envelope’ pre-processing before delay and sum operations were performed to take 
advantage of the random phase of grain noise and maximize results from coherent sources. Images before and after 
reconstruction of a .040” pore 0.8” away from the surface are shown in Fig. 4.
a) b)
FIGURE 4. a) Raw data and b) SAFT processed images for a .040" pore 0.8" from the inspection surface.
ROI
Aperture
FIGURE 3. Definition of the effective aperture used to avoid edge effects due to the finite extent of the sample.
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It can be seen that the spatial extent of the indication changes dramatically. A region of increased noise can be 
seen along the edges of the SAFT Processed Image. This is attributed to the smaller aperture that is necessary to avoid 
signals outside of the ROI and sample. Fewer waveforms were included in the delay-and-sum process resulting in 
increased noise and this would otherwise not be present. The resulting waveforms and indications were then compared 
to the response from a region away from the defect to determine the SNR of the reflected signal. These results are 
summarized in Table 5 and compared with additional methods later.
TABLE 5. Summary of SNR results for classical immersion and SAFT processed C-Scans.
Size SNR
(classical 
immersion)
SNR (SAFT)
7 - 1.93
15 <1 2.54
30 1.80 6.80
40 6.28 10.35
Ultrasonic Phased Array Testing (PA-UT)
A subset of samples was also examined with PA-UT. A 10 MHz, 32 element array with a 9.9 mm active aperture 
(10L32-A1) was utilized for this study. The array was used with an Omniscan MX portable unit and this was used 
drive the transducer and give, as well as record, data. The MX unit limits the number of active elements available to 
16, thus the pitch between elements was essentially twice the number given when using all of the available elements.
The array was operated with a fixed focus set at the depth of the defects and waveforms at maximum reflection 
amplitude were recorded. The resulting data were then analyzed to determine their SNR. An unfocused S-scan is 
shown across the array in Fig. 5. Results of this testing are summarized in Table 6.
Nonlinearity Parameter Estimation
It is postulated that the nonlinearity parameter for these materials will be sensitive to crack-like defects, such as 
those due to lack of fusion (LOF) between layers. An experiment to determine the acoustic non-linearity parameter 
was performed by measuring the second harmonic generation at several fundamental amplitudes. The beta parameter 
was then calculated according to 
FIGURE 5. Sector scan of CoCr sample with 0.03" defect from a contact, 16 element transducer 
(unfocused).
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xA
A
22
1
24 (1)
where A2 = second harmonic displacement amplitude, A1 = fundamental harmonic displacement amplitude, k= wave 
number, and x = sample thickness [5]. The average nonlinearity parameter between 7 and 11 angstroms was 
determined to be 6.51 ± 0.09 with beta at various fundamental amplitudes shown in Fig. 6. This value appears 
reasonable for a cobalt-chromium alloy given that other metals such as aluminum and copper exhibit beta parameters 
in the ranges of 5-11 and 6-9, respectively. 
TABLE 6. SNR results for phased array testing of cobalt-chromium samples with embedded defects.
Size (.0XX”) Conv. UT SNR SAFT SNR PA-UT SNR
7 -- 1.93 ~0
15 ~0 2.54 2.72
30 1.8 6.80 4.722
40 6.28 10.35 8.45
CONCLUSION
The capability of AM to produce ultrasonic reference specimens was shown in this work. The sample set contained 
specimens with pore-like defects placed at locations throughout their volume. Some uncertainty remains as to the 
actual shape and size of the defects and what, if any deviation from their specified shapes exist. The difficulty of 
resolving the smallest of the defects even with dynamic focusing serves to motivate additional investigations to 
validate their existence and actual morphology. Given that the wavelength to specified defect diameter ratio is 
relatively high (>3), this was not surprising. Additional evaluations could include x-ray techniques or sectioning. X-
ray techniques would however require high powered sources given the materials used, density and size of the samples. 
Determination of the nonlinearity parameter also yielded what appears to be a reasonable result. These data are 
FIGURE 6. Nonlinearity parameter of a defect free CoCr sample determined by nonlinear resonant ultrasound 
spectroscopy (NRUS) technique.
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believed to be the first determination of a beta parameter for an additively manufactured material.  Additional work 
should include examining samples with defects produced either purposefully, or as the result of non-ideal AM process 
parameters. 
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